The ultrastructure and chemical composition of the proboscis hooks and surrounding tegument of Acanthocephalus lucii (Müller, 1776), a parasite of European perch, Perca fluviatilis Linnaeus, were examined using scanning (SEM) and transmission (TEM) electron microscopy and X-ray microanalysis (EDXA). The blade of middle hooks consists of three layers: an outer homogeneous layer, an inner heterogeneous layer and a central core. TEM observation revealed the presence of hollow tubes, which spaced the central core; fibrous inner hook layer surrounded by an electron-dense margin and the basal tegumental layer filled with electron-dense bodies and outer layer. We found for the first time that the so-called 'epidermal covering' surrounding of the exposed hook blade (outer hook layer) is a modified striped portion of the tegumental layer and there are no special contact sites between these two morphologically different structures, i.e. striped layer of the syncytial tegument and following proper outer hook layer, which is a homogeneous, moderately electron-dense layer of ~0.3 µm in thickness. The hook root is embedded into subtegumental fibrous layer. X-ray microanalysis of both the surface and internal parts of A. lucii hooks demonstrated the presence of calcium, magnesium, phosphorus and sulphur. The highest concentration of sulphur was recorded at the tip of hooks, whereas the middle part of the hooks was most rich in calcium, phosphorus and magnesium. The proximal part of the hooks contained lower concentrations of sulphur, calcium and phosphorus. In the proboscis tegument, only two elements, calcium and silicon, were found. The differences observed in the chemical composition of the hook 'epidermal covering' and the proboscis tegument support our ultrastructural findings that the hook tegumental covering is a modified structure compared with that of the general proboscis tegument.
Acanthocephalus lucii (Müller, 1776 ) is one of the most widely distributed acanthocephalan species parasitising a broad range of freshwater fishes throughout the Palaearctic Region, including its commonest definitive host, the European perch, Perca fluviatilis Linnaeus (see Yamaguti 1963 , Brattey 1986 ). Adult parasites survive in the fish intestine, where they absorb nutrients through the tegument while anchoring to the intestinal wall using an armed praesoma. The praesoma, consisting of a proboscis bearing hooks and an unarmed neck, provides the parasite an effective mechanism of attachment (Van Cleave 1952 , Dezfuli et al. 2008 . Moreover, the proboscis armature (with hooks arranged in regular patterns and numbers) possesses great systematic value and represents the principal diagnostic marker for the recognition of acanthocephalans at the species level (Van Cleave 1941 , Wayland 2010 .
The morphology of the proboscis, including the hooks and their arrangement, has been regularly studied by taxonomists, but only a few detailed studies exist on the ultrastructure and chemical composition of acanthocephalan hooks (Graff and Allen 1963, Taraschewski 2000) . X-ray microanalysis, a non-destructive method enabling multiple observations at the different regions on an individual specimen, has been applied in few parasite species, including acanthocephalans, monogeneans, digeneans and tapeworms, to determine which elements are present in the hard structures serving as attachment organs (Smith and Richards 1991 , Shinn et al. 1995 , Heckmann et al. 2012a , Radwan et al. 2012 . The ultrastructure of acanthocephalan hooks has been studied more frequently (e.g. Hutton and Oetinger 1980 , Taraschewski 2000 , Dezfuli et al. 2008 , Heckmann et al. 2012a , but detailed ultrastructural descriptions of the hook cytoarchitecture in species of Acanthocephalus Koelreuther, 1771 are limited.
It has also been established that fish acanthocephalans accumulate various chemical elements at much higher concentrations than their hosts (Sures et al. 1999a, Brá- (Taraschewski 2000) . Therefore, knowledge of the fine structure and chemical composition of proboscis hooks may help us to understand the mechanisms of uptake and storage of chemical substances, such as heavy metals and organic nutrients, and to clarify their roles in the biology of these parasites (Taraschewski 2000 , Heckmann et al. 2012a ).
The aim of the present study is to present data on the ultrastructure and chemical composition of the proboscis hooks in A. lucii by combining light microscopy, scanning (SEM) and transmission (TEM) electron microscopy and X-ray elemental analysis.
MATERIALS AND METHODS
Adult specimens of Acanthocephalus lucii were collected from the intestine of European perch, Perca fluviatilis, from the Ružín water reservoir, East Slovakia. For light microscopy, the parasites were rinsed in saline and subsequently fixed and stored in 70% ethanol. For microscopic observations, acanthocephalans were cleared in glycerine-ethanol for a short time and mounted as temporary preparations. Altogether, 20 males and 20 females were measured and documented using digital camera attached to a Leica DM5000B light microscope. All hook measurements are given in micrometres (µm) unless otherwise stated.
For scanning electron microscopic (SEM) observations and X-ray elemental analysis, specimens were fixed in 70% ethanol and dehydrated in a graded ethanol series, with a final change in absolute acetone, and then critical-point-dried (CPD) with liquid CO 2 . Parasites were mounted on SEM aluminium stubs using conductive double-sided carbon tape. Mounted specimens were gold-coated using a vacuum evaporator Eiko IB-3 for 30 s (approximate thickness of gold coating 20 nm).
Acanthocephalans were examined using JEOL-JSM-6510LV and JEOL-JSM-6510LA scanning electron microscopes in combination with an energy dispersive X-ray analyser (EDXA, model EX-3618OD3A). Samples were imaged at 30 kV and Xray spot analysis was performed using a 15 kV electron beam. The counting time for each analysis was 50 s and the data were processed using digital imaging software attached to a computer. The weight percent (wt %) of five chemical elements, calcium (Ca), silicon (Si), magnesium (Mg), phosphorus (P) and sulphur (S), was calculated for each specimen of A. lucii. The other two most common elements consistent for cytoplasm, carbon (C) and oxygen (O), were always recorded but not included in this study. X-ray microanalysis was carried out on 10 specimens in the three different sections of the hook, the tip, middle part and proximal part (Fig. 1) .
The two regions of the hook were considered: a posteriorly directed hook root deeply embedded in the base layer of the body wall and a distal, exposed curved blade. The length and width of the outer visible hook part (hook blade) were measured as indicated in Fig. 1 . Internal hook structures, i.e. the outer layer of the hook, the inner layer and central core of the hook were also assessed (Fig. 2D,F) . The hooks located in different parts of the proboscis were designated as follows: apical hooks of first two rows , middle hooks of fourth and fifth rows and basal hooks situated on the most posterior margin of the pro- boscis ( Fig. 2A) . Six apical, six middle and four basal hooks were always analysed and the measurements were taken from the proximal and middle parts and the hook tip within each hook (altogether 480 measurements). Inner composition of the hook was assessed in cross-sectioned hooks, always in triplicate measurements. Cross-section was performed approximately in the middle part of the hook using stainless steel instruments. For comparing elemental percentage in different regions (parts) of the hooks, Principal Component Analysis (PCA) and Canonical Correspondence Analysis (CCA) were used. All statistical analyses were carried out using the statistical program CANOCO 5.
Live specimens used for transmission electron microscopy (TEM) were fixed using 4% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.2) for 16 days at 5 °C, rinsed 4 times for 20-min periods in the same buffer and postfixed in 1% osmium tetroxide for 1 hour. The material was then dehydrated in a graded series of ethanol and acetone, and embedded in Araldite and Epon. Ultrathin sections (50-80 nm) were stained with uranyl acetate and lead citrate, and examined using a JEOL-JEM-1011 transmission electron microscope operating at 80 kV.
RESULTS

Light microscopical and SEM observation of hooks
The proboscis of Acanthocephalus lucii is 0.51-0.75 mm long and 0.25-0.35 mm wide; it is armed with 11-14 longitudinal rows of 7-8 hooks each ( Fig. 2A) . The length of the outer visible hook part, hook blade, varied considerably; in the apical hooks it measured in averge 76 (range 60-93), in the middle hooks 96 (78-117) and in the basal hooks 57 (45-75) in length and 13 (9-19), fully-extended probosfully-extended probosully-extended proboscis; B -exposed blade of the middle hooks; C -tiny basal proboscis hooks; D, F -cross-sections of the hooks showing the inner structure of the hook; E -pores on the hook surface. Abbreviations: ah -apical hooks; bh -basal hooks; cc -central core; hb -hook blade; ihl -inner hook layer; mh -middle hook; ohl -outer hook layer; p -pore.
Fig. 3. TEM views of the proboscis hooks of Acanthocephalus lucii from Perca fluviatilis.
A -section through the root and part of the blade; insert shows the striped layer of the proboscis tegument; note the pores contain dense material; B, C -basal hook part; note the root of the hooks embedded in subtegumental fibrous layer; D -transition zone of the modification of the tegumental striped layer into the outer hook layer; E -section through part of the tegumental fold; note the striped layer of the tegument, the outer hook layer and part of the basal tegumental layer of the hook. Abbreviations: btl -basal tegumental layer of the hook; cc -central core of the hook; dm -electron-dense margin; hb -hook blade; hr -hook root; ihl -inner hook layer; mfl -moderately electron-dense, fibrous layer beneath the tegument; msl -muscular layer beneath the tegument; ohl -outer hook layer; p -pore; sl -striped layer of the tegument; sp -space between hook body and tegumental striped layer in the tegumental fold; st -syncytial tegument; tz -transition zone of modification of the tegumental striped layer into outer hook layer. Fig. 4 . Ultrastructure of the hook root and blade of Acanthocephalus lucii from Perca fluviatilis. A -hook root embedded in a fibrous layer beneath the tegument; note the underlying muscular layer; B -lateral view of the hook root region, showing central core, inner hook layer and electron-dense margin; C -structure of the central core of the hook; note hollow tubes; D -section through the midsection through the midection through the midthrough the midmiddle part of the hook blade; note fibrous inner hook layer, narrow, dense margin, thin basal tegumental layer and outer hook layer; E-G sections through the tip of the blade; note thin extensions of the basal tegumental layer directed into outer layer of the hooks. Abbreviations: btl -basal layer of the tegument; cc -central core of the hook; dm -electron-dense margin; ex -extensions of the basal tegumental layer into outer layer of the blade tip; hr -hook root; ht -hollow tube; ihl -inner hook layer; mfl -moderately electron-dense, fibrous layer beneath the tegument; msl -muscular layer beneath the tegument; ohl -outer layer of the hook.
Ahead of print online versioñ 0.9 in diameter (Fig. 2D,F) . The hook surface with numerous openings (pores) ~0.1 in diameter (Fig. 2E) .
TEM observation of hooks
Two regions can be distinguished in the syncytial structure of the proboscis tegument, which appear to be involved in hook composition: (a) an outer dense, striped layer ~0.43 µm in thickness, which contains bundles of filaments subdividing the region into sublayers, in which widely spaced pores are present; and (b) a basal layer of ~1.8 µm in thickness and containing numerous electrondense inclusions (Fig. 3A−C) . The sections of the hooks show the posteriorly directed root of the hooks deeply embedded into the layer beneath the syncytial tegument (Fig. 3A−C) . This is a moderately electron-dense, fibrous layer of ~3.0-4.7 µm in thickness. In the sections of the basal part of the hook, it can be seen that both the hook and the above-mentioned fibrous layer appear to be composed of the same electron-grey fibrils bordered by an electrondense margin (Figs. 3B,C, 4A,B) . Where the hook blade is enveloped within the syncytial tegument, it is surrounded by a basal layer bordering on the electron-dense margin of the hook body (Figs. 3A,D, 4D−G) . This basal tegumental layer is extended along the entire hook blade, but decreases in thickness opposite the middle region of the hook blade (Figs. 3A,D, 4D−G) . Prior to the hook blade being exposed above the tegument, an invagination of the surface tegumental striped layer is present around the embedded hook blade, forming a curved fold, on the bottom of which a transitional zone is present. In this zone the striped layer of the proboscis tegument is modified in the outer hook layer (Fig. 3A,D,E ). There are no special contact sites between these two morphologically different structures, i.e. striped layer of the syncytial tegument and following proper outer hook layer (Fig. 3D,E) . The outer hook layer, immediately after the hook's protrusion from the striped layer, becomes a homogeneous, moderately electron-dense layer of ~0.3 µm in thickness (Figs. 3D,E, 4D). Close to the distal extremity of the blade, this layer increases in thickness to ~0.8 µm (Fig. 4E) . Thin extensions of the hook basal tegumental layer are directed into the outer hook layer in the most distal region of the hook (Fig. 4E,F) . The surface organisation of the outer hook layer at the TEM level may account for the lack of pores compared to observations using the SEM. The central core of each hook is composed of material that is perforated by a number of hollow tubes and dense microfibrils (Figs. 3A−C, 4A−C). This core is thickest in the basal hook portions, where it fills more than one third of the hook diameter (Fig. 4A ), but decreases gradually towards the apex of the blade (Fig. 4E ).
X-ray microanalysis of hooks of adults X-ray microanalysis of both surface and internal regions of hooks of A. lucii revealed the presence of calcium (Ca), magnesium (Mg), phosphorus (P) and sulphur (S), all essential elements characteristic of living cells. In all parts of the proboscis hooks, Ca was the dominant element, followed by P and S. Sulphur was mostly concen- trated at the tip of the hooks and the remaining elements in their middle regions (Table 1, Fig. 5 ). Considering the arrangement of hooks on the proboscis, S had a tendency to accumulate at the tip (t) of the middle hooks (mh), whereas Ca, P and Mg prevailed in the middle part (mp) of the middle hooks (mh) (Table 1, Fig. 6 ). P and Mg were absent at the tip of basal hooks. Regarding the elemental content of the hook, the highest wt % was determined in the central core (cc). Throughout the internal parts of the hook, Ca was always the most prevalent, whereas S was absent in the inner layer and central core of the hook (Table 1). A low wt % of Ca and silicon (Si) was recorded in the tegument close to the hooks (Table 1) .
DISCUSSION
Ultrastructural details of the acanthocephalan attachment organ are of evolutionary significance (Hammond 1967 , Taraschewski 2000 , Wayland 2010 ). The present investigation into the ultrastructure and chemical composition of the proboscis hooks and surrounding tegument of Acanthocephalus lucii using both scanning and transmission electron microscopy and X-ray microanalysis revealed some new details of hook fine morphology of this palaeacanthocephalan. The present study of the inner structure of the proboscis hooks has shown four different structural layers surrounding the central core within every A. lucii hook. A fibrous subtegumental layer (equivalent to Brázová et al.: Hooks of Acanthocephalus lucii
the inner heterogeneous layer observed using the SEM) is bordered by a thin, electron-dense margin. Next, the hook is enclosed by the basal region of the tegumental layer, which is conjoined to the electron-dense hook margin; however, prior to the hook blade being exposed above the tegument, it is covered by a striped portion of the tegumental layer modified into a homogeneous, moderately electron-dense outer hook layer (equivalent to the outer layer observed using the SEM). Information pertaining to the ultrastructure of acanthocephalan hooks is rather limited. Taraschewski (2000) presented diagrammatic illustrations of hooks for the three main classes, the palaeacanthocephalans, archiacanthocephalans and eoacanthocephalans. According to his descriptions, all hooks, irrespective of the systematic affiliation of the worms, had a central cone of "connective tissue arising from the subtegumental connective tissue" (= the inner layer in our investigation). In eoacanthocephalans and palaeacanthocephalans, such as Paratenuisentis ambiguus (Van Cleave, 1921) , Polymorphus minutus (Goeze, 1782) and Acanthocephalus anguillae (Müller, 1780) the cone of 'connective tissue' was also covered by tegument, so-called 'epidermal covering' (Nicholas 1967 . It has been suggested that such tegumental covering of the proboscis hooks of eoacanthocephalans and palaeacanthocephalans represents a secondary divergence of the oldest evolutionary lineage, the archiacanthocephalans, the hooks of which are without this covering (see , Verweyen et al. 2011 .
Furthermore, Hammond (1967) and considered that the hooks of Acanthocephalus ranae (Schrank, 1788) and A. anguillae arise from a separate 'connective tissue' layer situated between the hypodermis and muscle layers. Our results support the assumption that the hooks of the palaeacanthocephalan A. lucii are derivatives of the fibrous layer beneath syncytial tegument and, as observed in the present study, with the involvement of the basal and outer modified parts of the tegument. We revealed for the first time that the so-called 'epidermal covering' surrounding the exposed hook blade is a modified striped portion of the tegumental layer.
Our investigation has also shown numerous pores on the outer surface of the hook of A. lucii as revealed SEM observation. However, TEM analysis demonstrated that these pores are only shallow invaginations of the surface epithelium, which do not penetrate deeply into the outer hook layer. In contrast, the proboscis and body tegument of acanthocephalans have the striped layer punctured by a large number of crypts that open to the surface via pores (Taraschewski 2000) .
Our EDXA study of five inorganic elements has shown that acanthocephalan hooks are most composed of calcium, which is an important constituent of hard structures in other groups of parasites (e.g. clamp sclerites, marginal hooks and hamuli in monogeneans, digenean spines and hooks of the tapeworms - Kayton 1983 , Smith and Richards 1991 , Shinn et al. 1995 , 2003 , Radwan et al. 2012 .
The distribution of Ca and four other elements (Mg, S, P and Si) detected in the hooks and closely surrounding regions varied. The highest concentration of S was recorded at the tip of hooks, whereas the middle parts of the hooks mainly contained greater amounts of Ca, P and Mg. Heckmann et al. (2012b) also revealed the highest concentrations of S at the tip of acanthocephalan hooks, whereas the centre of the hooks was rich in Ca and P. Shinn et al. (1995) also showed variation in the amounts of S in the hamulus of species of Gyrodactylus von Nordmann, 1832 (Monogenea), with the root of the hamulus having the lowest S content and the shaft, point and ventral and dorsal bar attachment points of the hamulus higher levels. Great variation of the chemical composition of tegumental spines of some digenean species has also been reported by Radwan et al. (2012) . These authors inferred that the diverse distribution of S, Ca and P could be attributed to the presence of the elements in the habitat and the ability of distinct parasites to metabolise and utilise them.
The attachment organs of acanthocephalans may have a high rigidity for fixing the parasite to the host's tissues and yet also be flexible (Heckmann et al. 2012a ). Ca and P, as the dominant elements in the middle part of the hooks, form a rigid calcium phosphate apatite with disulfide bonds (thiol groups of the amino acids cysteine and cystine) and are known to provide the hardest tissues found in invertebrates and, likewise, the teeth and bones of vertebrates (Heckmann et al. 2007 ). The lower content of S, Ca and P in the proximal region of the hook, on the other hand, provides flexibility.
In the present study, the central core and inner layers of the hook were sulphur-free. At the point where it passes thought the surface layer of the tegument and is exposed to the environment, the hook consists only of Ca and P plus a small amount of Mg (possibly a replacement for Ca). Sulphur was present in the outermost layer of the hook, which may enhance its hardness and ensure the adequate attachment of the parasite to the epithelium of the host's intestine (Heckmann et al. 2012b) .
Only two elements (Ca and Si) were detected in the proboscis tegument close to the hooks. The Ca content (4.8 ± 4.4 wt %) was several times lower compared to that in the proximal part of hooks. This relatively low Ca concentration, along with the presence of Si, might enable the high flexibility and retractile facility of the proboscis during the attachment of the parasite to the host's tissues. Silicon is an element commonly occurring in the skin, bones and connective tissue of animals, providing flexibility in these tissues (Carlisle 1986 ). The differences revealed in the chemical composition of the hook 'epidermal covering' and proboscis tegument tend to support our ultrastructural observations that the hook covering is a complex, modified structure, as compared with that of the general proboscis tegument, and not just a simple tegumental covering.
A number of recent studies have confirmed that acanthocephalans have a unique ability to accumulate and store high amounts of essential elements, including calcium, copper, magnesium and zinc, from their environment (Sures et al. 1999b , Thielen et al. 2004 , Jankovská et al. 2011 , Brázová et al. 2012 ) as a consequence of competition for these elements between the fish host and its parasites and between different parasites within the helminth infrapopulation the host' intestine. Some other studies (Sures et al. 1999b , Sures 2002 pointed out that the competition for minerals may also lead to extra absorption of non-essential elements such as toxic lead and cadmium due to their similarity in chemical properties.
Significant correlations were clearly demonstrated between Ca and other metals in A. lucii and perch parasitehost system (Sures 2002) . The author explains these interelement relations in terms of their chemical similarity, e.g. lead could be bound inside a crystal lattice instead of Ca 2+ via isomorphic substitution and the similarity of atomic size of these two elements. Sures et al. (2000) , who examined the accumulation and distribution of lead in an acanthocephalan Moniliformis moniliformis (Bremser, 1811) from rats, found the higher concentrations of this element in the praesoma than the metasoma. It also seems that the acanthocephalan proboscis, and most probably also the proboscis hooks, may play an important role not only in attachment but also in the uptake of elements, even toxic metals.
During evolution of the acanthocephalans, numerous unique morphological and biological adaptations occurred as a consequence of their parasitic mode of life. Due to that acanthocephalans offer a proper model system to test various hypotheses and generalisations regarding the evolution of parasitism in metazoans.
